This study assessed a new method of estimating the slope (Ees) of the end-systolic pressurevolume relation (ESPVR) from a single beat of the human heart. Left ventricular pressure was recorded with a high-fidelity micromanometer in patients with heart disease during left ventriculography. Peak 
one needs at least two pressure-volume loops with fairly different end-systolic pressures in a constant inotropic state. 9 The complexities of the method may decrease the clinical usefulness of ESPVR and Ees for assessing left ventricular contractility.
Accordingly, this study proposes and assesses a new method of estimating Ees from a single pressure-volume loop in human hearts. To this end, left ventricular pressure and volume were measured simultaneously in patients with heart disease. Estimated peak isovolumic pressure [Pmax(E)] at enddiastolic volume was derived from instantaneous pressure of an ejecting contraction by a curve-fitting technique according to Sunagawa et al.15 Assuming the linearity of the ESPVR curve, an ESPVR line was drawn from the Pmax(E)-volume point tangential to the left upper corner of the pressure-volume loop of a real ejecting beat from which Pmax(E) was obtained according to the method of Igarashi and Suga. 16 The slope [Ees(E)] of this estimated ESPVR line was compared with the conventional Ees obtained by three pressure-volume loops under different loading conditions in the respective patients. In addition, we studied the effect of positive inotropic intervention on the slope of this estimated ESPVR line. Assessment of the reliability of this single-beat analysis is an indispensable step toward examining whether the new method of estimating contractile changes on a beat-by-beat basis is better than other invasive, complex, and time-consuming conventional methods used in the clinical setting.
Methods

Study Patients
We studied 29 patients (24 men and five women); 25 patients had coronary artery disease (eight with two-vessel and 17 with one-vessel disease), two patients had dilated cardiomyopathy, and two patients had chest-pain syndrome. Their mean age was 57 years (range, years). Eleven of the 25 patients with coronary artery disease and prior myocardial infarction had regional wall motion abnormalities on the biplane left ventriculogram under control conditions. We excluded patients with unstable angina, left main trunk or three-vessel disease, congestive heart failure, and valvular heart disease. None of the patients exhibited any sign of chest pain, electrocardiographic change, or a new onset of asynergy in the biplane left ventriculogram throughout the study. Complete, informed, and written consent was obtained from each patient, and no unfavorable complications occurred as a result of this study.
Procedures and Measurements
Cardiac catheterization was performed by the femoral approach in a fasting state under mild sedation as previously reported in detail. [17] [18] [19] [20] This study was performed at least 48 hours after cessation of treatment with calcium channel blockers and nitroglycerin therapy. Left ventricular cineangiography was performed with biplane 35-mm cineangiography in the right (300) and left (600) anterior oblique projections (Poly-Diagnost C, Philips, The Netherlands). A bolus of 35 ml contrast agent (Omnipaque, lohexol, Japan) was injected through an 8F pig-tail catheter at a rate of 12 ml/sec with cinefilm exposed at 60 frames/sec. Simultaneously, high-fidelity left ventricular pressure (SPC-370, 7F, Millar Instruments) and the first derivative of pressure (dP/dt) were recorded during breath holding at midinspiration and were calculated with a computer system (ACS, Philips).
Protocol
In addition to the control condition, angiotensin 11 (beginning with 4 ng/kg/min) was administered intravenously to increase the afterload in eight patients. The infusion rate was held constant with a Harvard pump (Harvard Apparatus, South Natick, Mass.). When the mean aortic pressure increased by 20 
Ees and Pmax
The end-systolic pressure-volume point was identified as the left upper corner of the pressure-volume trajectory. 8 The set of three end-systolic pressurevolume points in each patient was subjected to a linear regression analysis. This regression line indicated the conventional ESPVR, and the slope of this line was the conventional Ees. The volume axis intercept (Vo) of the ESPVR line was obtained ( Figure 1A) . We designated the Pmax(E) at each end-diastolic volume obtained as the intersection of the ESPVR and the vertical line at the end-diastolic volume Pmax. Figure 1A shows a schematic of a conventional ESPVR line determined by a set of three pressure-volume loops. Each ejecting contrac- 
Pmax(E)
The left ventricular pressure was input to an analog-to-digital converter (ADTEC, AB98-05A) and stored in a digital computer (NEC PC-9801VX21) to be processed later. The digital data were analyzed using software developed in our laboratory for the personal computer. To estimate the pressure curve [P(t)] of an isovolumic contraction at an end-diastolic volume of an ejecting contraction, a nonlinear least-squares approximation technique was used15; the P(t) we used was the same that Sunagawa et al15 used:
P(t) = 1/2Pmax(E)[1 -cos(wt+ C)] + EDP where Pmax(E) is an estimated peak isovolumic pressure point, w is an angular frequency, C is a phase shift angle of the sinusoidal curve, and EDP is the left ventricular end-diastolic pressure. Figure 2 schematically represents the relation between the ejecting contraction and the estimated isovolumic contraction in the pressure-time diagram. P(t) was obtained by fitting the measured left ventricular pressure curve segments from the end-diastolic pressure point to the peak positive dP/dt and from the pressure point of the peak negative dP/dt to the same level as the end-diastolic pressure of the preceding beat. The left ventricular end-diastolic point was defined as the pressure at which dP/dt first exceeded 200 mm Hg/sec. [17] [18] [19] [20] Ees(E)
The straight line was drawn from the Pmax(E)-volume point tangential to the left upper corner of the real pressure-volume loop of the ejection contraction ( Figure IB loading conditions in both the angiotensin II and nitroglycerin studies. All results are summarized as mean±SD, and a significant difference was assumed to be present at a probability of less than 0.05.
To test the reproducibility of Pmax(E), we compared Pmax(E) among five consecutive beats under control and increased inotropic states in the 13 patients with heart disease. The variation was assessed using the coefficient of variation calculated as the standard deviation divided by the mean, expressed as a percentage.
Results
Reproducibility of Pmax(E)
The reproducibility of measures of Pmax(E) was tested under control and increased inotropic states in the 13 patients with heart disease. The mean percent standard deviation of the estimate was 7.3% and 6.9% in control and increased inotropic states, respectively. There were no significant differences of mean percent standard deviation of the estimate between control and increased inotropic states.
Angiotensin II and Nitroglycerin Studies Table 2 lists Pmax and Pmax(E) of all patients subjected to the angiotensin II and nitroglycerin studies. There were no significant differences between Pmax and Pmax(E) at each level of loading conditions in both angiotensin II and nitroglycerin studies. Figure 3A shows the relation between Pmax and Pmax(E) under three different loading levels in the angiotensin II 
-J peak positive dp/dt peak negative dp/dt -left ventricular pressure ESPVR throughout a physiological range. The evaluation of Ees(E) in this study was not based on the assumed linearity outside the operational pressurevolume range but within the operational pressurevolume range. Figure 7 presents the schematic of the relation between "true" ESPVR, indicated by a solid line, and our estimated linear ESPVR, indicated by a broken line. This broken line is close to the "true" ESPVR within the physiological range.
A. There are several limitations in this study intrinsic to the human heart. To obtain the three pressurevolume loops, we changed the loading condition. It has been known that alterations in afterload can change the ESPVR. Several investigative teams showed parallel leftward shifts of ESPVR with increased resistance.1126-27 They suggested that the volume intercept is dependent on the changes in afterloads and that the slope of ESPVR is insensitive to a wide range of changes in afterload. Freeman et 0.
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. All of the indexes of contractile function demonstrated a significant increase with positive inotropic stimulation. Peak positive dP/dt is as effective for defining increases in contractility as is the ESPVR. However, peak positive dP/dt may be augmented by increases in heart rate, preload, or afterload. Several investigations33-35 reported that a single measurement of the end-systolic pressure-volume relation can be a useful index of left ventricular performance. Only when the volume intercept of ESPVR is zero is the pressure-volume relation a reliable index of myocardial contractility. The pressure-volume relation may also be dependent on afterload. 36 Kass et a137 examined the influence of alteration in preload and afterload on indexes of contractile function and conclude that any advantage of the ESPVR will derive not from the magnitude of its responses to inotropic change, which is smaller than most other indexes, but from its relative insensitivity to load alteration throughout a wide range of load. Therefore, we considered that our method of assessing contractility on a beat-by-beat basis may be better than other indexes.
In summary, we examined the clinical applicability of Ees by a single-beat analysis. Pmax(E) was extrapolated by curve fitting, and the ESPVR line was obtained from the Pmax(E)-volume point tangential to the left upper corner of the pressure-volume loops. We were able to estimate the single-beat Ees by the slope of this ESPVR line, and we found that Ees(E) was reasonably close to the conventionally obtained Ees and was sensitive to a positive inotropic intervention. We conclude that Ees(E) obtained by the single-beat analysis method facilitates assessment of the beat-by-beat ESPVR and the ventricular contractile state of the human heart.
Appendix
We calculated the sum of the squares of the difference between observed and predicted pressures during isovolumic left ventricular pressure. The fraction of the residual sum of squares to the number of points analyzed, that is, the standard error of estimate (SEE), was used to evaluate the goodness of fit according to the following equation:
/N SEE=-/N Z [Pi(ob)-Pi(pre)12 i=i where Pi(ob) is observed pressure, Pi(pre) is predicted pressure, and N is the number of pressure points analyzed.
